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During metastasis, host cells are recruited to disseminated tumor cells to form specialized microenvironments ("niches") that promote metastatic progression, but the mechanisms guiding the assembly of these niches are largely unknown. Tumor cells may autonomously recruit host cells or, alternatively, host cell-to-host cell interactions may guide the formation of these prometastatic microenvironments. Here, we show that platelet-derived rather than tumor cell-derived signals are required for the rapid recruitment of granulocytes to tumor cells to form "early metastatic niches." Granulocyte recruitment relies on the secretion of CXCL5 and CXCL7 chemokines by platelets upon contact with tumor cells. Blockade of the CXCL5/7 receptor CXCR2, or transient depletion of either platelets or granulocytes prevents the formation of early metastatic niches and significantly reduces metastatic seeding and progression. Thus, platelets recruit granulocytes and guide the formation of early metastatic niches, which are crucial for metastasis.
I
nteractions between host cells and tumor cells both at the primary and metastatic sites are crucial for efficient metastasis (1) (2) (3) . At the site of metastasis, host cell-tumor cell cross talk contributes to the formation of a metastatic niche, a specialized microenvironment necessary for disease progression. Leukocytes, in particular monocytes and macrophages, have been shown to be recruited to metastatic niches and to support metastasis (4) (5) (6) (7) (8) (9) (10) . Mechanistically, macrophages secrete VEGFA that facilitates tumor cell extravasation (4) . In addition, interaction of monocytes/ macrophages with tumor cells via VCAM1 can prevent tumor cell apoptosis and allow reinitiation of growth at the metastatic site (8, 9) . Granulocytes have also been reported to interact with tumor cells and facilitate metastatic seeding possibly by enhancing tumor cell arrest and extravasation (11) (12) (13) . However, granulocytes exposed to specific environmental stimuli can kill metastatic tumor cells, suggesting that their role in metastasis is highly context dependent (14, 15) .
Platelets, which interact with tumor cells during their transit through the circulation, also enhance metastasis via multiple mechanisms (3, 16) . Metastatic tumor cells can express high levels of tissue factor (TF) and adhesion molecules, such as P-selectin ligands, through which they bind to and activate platelets (16) . These interactions result in the formation by platelets of a physical shield around tumor cells, which prevents attacks from natural killer (NK) cells and promotes tumor cell adhesion to the endothelium (17) (18) (19) . In addition, platelets also promote tumor cell extravasation by increasing endothelial permeability and by directly signaling to tumor cells to enhance their invasive and metastatic potential (20, 21) . In particular, direct contact between platelets and tumor cells triggers the TGFβ1 and NF-κB signaling pathways in tumor cells, which induce an epithelial-mesenchymal transition and promote metastasis (20) . Given their important signaling roles, platelets may influence metastasis by signaling not only to tumor cells but also to host cells forming metastatic niches. Furthermore, whether platelets and leukocytes are independently recruited by cancer cells to the site of metastasis, or whether hierarchical interactions among host cells drive the formation of metastatic niches remains unknown. Here, we define the relative roles of platelets and leukocytes during the early stages of metastatic seeding and the subsequent impact of these interactions on metastatic progression.
Results

CD11b
+
MMP9
+
Ly6G
+ Granulocytes Are Recruited to Platelet-Tumor Cell Microthrombi to Form Early Metastatic Niches. To understand the role of the microenvironment during the early intravascular steps of the metastatic cascade, we first sought to determine which cell types are associated with tumor cells in the lungs of mice 2 h after tail vein injection, a time point at which tumor cells are arrested in capillaries and associated with platelets, but still localized intravascularly (18, 20) . Immunofluorescence staining for platelets and leukocyte markers revealed the presence of prominent platelet aggregates in association with MC38GFP tumor cells ( Fig. 1 A and B) . Furthermore, an approximately fivefold increase in the number of cells coexpressing integrin alpha M (CD11b), the granulocyte marker Ly6G (22) , and matrix metallopeptidase 9 (MMP9), another protein abundantly expressed by granulocytes (14, 23) , was also observed ( Fig. 1 A and B and Fig. S1A ). Interestingly, CD11b
+ cells were not simply globally enriched in the lungs, but were recruited specifically to the vicinity of platelet-tumor cell aggregates ( Fig. 1 A and B) . This specific recruitment was also observed when only few tumor cells were arrested in the lungs, revealing a significant increase in the number of granulocytes localized within 40 μm of platelet-tumor cell aggregates, compared with their normal distribution in control adjacent areas of the lungs of the same mouse ( Fig. S1 B and C).
Significance
Specialized microenvironments (or "niches") are essential for metastasis, but how cancer cells and host cells contribute to their establishment remains poorly understood. Our study reveals that platelets and granulocytes are sequentially recruited to disseminated tumor cells to form "early metastatic niches" that promote metastatic progression. Importantly, the recruitment of granulocytes is not primarily due to tumor cell-derived signals but rather relies on platelet-derived CXCL5/7 chemokines. Prevention of granulocyte recruitment via inhibition of the CXCL5/7 receptor CXCR2, or depletion of either platelets or granulocytes inhibits metastasis, thereby uncovering a key role for plateletto-granulocyte signaling in the establishment of metastases. Specific inhibition of platelet-to-granulocyte interactions may thus represent a valuable antimetastatic therapy in addition to cancer cell-centered treatments. 
MMP9
+ Ly6G + granulocytes are recruited to platelet-tumor cell aggregates within 2 h of tumor cell entry into the circulation. (A) Immunostaining of lungs from control mice (0; no injection) or from mice killed 2 h after the injection of 10 6 MC38GFP tumor cells (green). Staining for the immune cell markers CD11b, MMP9, Ly6G, CD11c, or CD68 (red) reveals that CD11b Statistical significance for values at each time point compared with time 0 was determined by one-way ANOVA followed by Tukey's post test (*P < 0.05 and ***P < 0.001). See also Fig. S1 .
No CD11b + cell recruitment was observed when only vehicle (HBSS) was injected (Fig. S1 D and E) . In addition, no changes in the total number or spatial distribution of CD11c + cells (dendritic cells and alveolar macrophages) and CD68 + cells (macrophages) were observed 2 h after tumor cell injection ( Fig. 1 A and B) . Further analysis by flow cytometry (Fig. 1C) To define the sequential events leading to the formation of the early metastatic niche, the cellular interactions occurring during the first 2 h following tumor cell injection were monitored over time. Platelet aggregates surrounding tumor cells were present in the lungs of mice 1 min after the injection of tumor cells, but no recruitment of granulocytes was yet observed (Fig. 1 D and  E) , demonstrating that platelet-tumor cell interactions are induced very rapidly and suggesting that they are triggered while tumor cells circulate, or immediately upon their initial trapping in the lungs. Subsequently, granulocytes were progressively recruited to platelet-tumor cell aggregates over the next 30 min, with no further changes in their association from 30 min to 4 h. At 6 h postinjection, the platelet aggregates around tumor cells were smaller and there were fewer granulocytes in the lungs compared with the 2-h time point, indicating that these transient interactions were progressively dismantled. At 21 h, a time point at which tumor cells have started to extravasate (20) , the association of platelets with tumor cells was minimal and the numbers of granulocytes in the lungs similar to baseline. Thus, these data reveal that the very rapid formation of platelet-tumor cell aggregates is followed by the progressive recruitment of granulocytes to generate a transient early metastatic niche.
Platelets Are Required for the Recruitment of Granulocytes to the Early Metastatic Niche. Because platelet-tumor cell aggregates are formed before the recruitment of granulocytes ( Fig. 1 D and E), we next tested whether platelets could influence the formation of the early metastatic niche. Remarkably, platelet depletion via injection of a platelet-depleting antibody had no effect on the number of tumor cells arrested in the lungs but led to a complete inhibition of the recruitment of granulocytes to tumor cells ( (25) . Although numerous CHO cells arrested in the lungs 2 h postinjection, no substantial platelet-tumor cell aggregates were formed, and the recruitment of granulocytes was also inhibited ( Fig. 2 E and F and Fig. S2C ). In contrast, similarly to our observations with MC38GFP cells, injection of Lewis lung carcinoma (LLC) cells or of melanoma (B16F10) cells resulted in the formation of platelet-tumor cell aggregates and in granulocyte recruitment, indicating that the formation of the early metastatic niche is a general response to multiple types of tumor cells (Fig. S2D ). Taken together, these results indicate that platelets do not affect the initial arrest of tumor cells in the lung capillaries. However, efficient formation of platelet-tumor cell aggregates is crucial for the subsequent recruitment of granulocytes to the early metastatic niche, and tumor cells per se are not sufficient to trigger this recruitment.
Platelet-Induced Recruitment of Granulocytes Promotes Metastasis.
Granulocytes may either inhibit or promote tumor progression and metastasis depending on the microenvironmental cues to which they are exposed (7, 10, 11, 14, 15) . To test whether the recruitment of granulocytes to platelet-tumor cell aggregates influences the subsequent formation of metastases, we treated mice with a single dose of anti-Ly6G or anti-Gr1 granulocytedepleting antibodies 24 h before the injection of MC38GFP tumor cells and monitored the resulting effects after 2 h (Fig. 3 A-C), 48 h (Fig. 3D) , and 14 d (Fig. 3E ). Both antibodies effectively depleted granulocytes in lungs as observed 2 h after the injection of tumor cells but did not affect the platelet-tumor cell aggregates nor the number of tumor cells found in the lungs (Fig. 3 A-C). Importantly, fewer metastases were observed in mice treated with a single dose of either the anti-Ly6G or anti-Gr1 granulocyte-depleting antibodies (Fig. 3E , Left and Center), demonstrating that granulocytes play an important supportive role during the early steps of metastatic progression. Indeed, proportional reductions in the numbers of tumor cells retained in the lungs after 48 h were observed (Fig. 3D , Left and Center), indicating that granulocytes contribute to the formation of a microenvironment that is favorable for metastatic cell seeding. In line with previous observations (17, 26, 27) , platelet depletion led to an almost complete inhibition of tumor cell seeding after 48 h, and of overt metastatic burden after 14 d (Fig. 3 D and E, Right). The more potent effect of platelet depletion compared with granulocyte depletion is consistent with platelets playing a variety of prometastatic roles and promoting metastasis not only via the recruitment of granulocytes, but also via additional mechanisms (3, 16) . Taken together, these results indicate that platelet-tumor cell interactions are essential for the subsequent recruitment of granulocytes, which in turn further support metastatic seeding. Thus, the recruitment of granulocytes represents an important prometastatic function of platelets.
Platelet-Derived Factors Are Chemotactic for Granulocytes. We then aimed to define further the mechanisms involved in the plateletmediated recruitment of granulocytes to the early metastatic niche. Imaging and 3D rendering revealed that, whereas granulocytes are enriched in the vicinity of platelet-tumor cell aggregates, many granulocytes are not in direct contact with either platelet aggregates or tumor cells (Fig. 4A) , suggesting that their recruitment is not due to their physical trapping/adhesion to platelet-tumor cell aggregates, but rather to chemotactic factors. To test this hypothesis, we performed in vitro leukocyte migration assays where platelets and tumor cells (either individually or in combination) were used as sources of chemoattractants. Interestingly, whereas platelets or tumor cells alone did not induce significant migration of CD11b + Ly6G + granulocytes compared with buffer, coincubating platelets with MC38GFP tumor cells led to a significant increase in granulocyte migration (Fig. 4B) . Furthermore, this chemotactic effect could be recapitulated by conditioned medium (supernatant) from platelets coincubated with MC38GFP cells, but not by the combination of conditioned media obtained from these two individual sources, demonstrating that direct interaction between platelets and MC38GFP tumor cells is required for the release/secretion of chemoattractants that promote the recruitment of granulocytes. Because direct contact between platelets and tumor cells induces platelet activation (28, 29) , we next tested whether the chemotactic factors are released as a result of platelet activation, or whether chemotactic factors contributed by tumor cells are also involved. The supernatant from thrombin-activated platelets induced a similar increase in granulocyte migration as observed with platelets plus MC38GFP cells (Fig. 4C) . Furthermore, adding MC38GFP cells to the supernatant from thrombin-activated platelets did not further increase granulocyte recruitment (Fig. 4C) , indicating that the chemotactic Table S1 ). Among these five secreted factors, the concentrations of CXCL5 and CXCL7 were significantly increased in supernatant from platelets plus MC38GFP compared with supernatant from platelets or MC38GFP alone (Fig. 4E) , whereas no significant increase was detected for the other three soluble factors highly expressed by platelets. To test whether the increase in granulocyte chemotaxis toward platelet-plus-MC38GFP cocultures or thrombin-activated platelets is dependent on either CXCL5 or CXCL7, blocking antibodies were added to the plateletplus-MC38GFP cocultures or to thrombin-activated platelets. Interestingly, simultaneous blockade of both CXCL5 and CXCL7 led to a marked reduction in the number of granulocytes migrating toward platelets plus MC38GFP cells or thrombin-activated platelets, whereas individual blockade of either of these chemokines had no effect (Fig. 4F) . Furthermore, MC38GFP cells expressed very low levels of CXCR2 ligands (CXCL1/2/5/7) in comparison with platelets (Fig. 4 D and E and Table S1), further indicating that platelets are the main source of CXCR2 ligands in this context. Thus, two platelet-derived chemokines, CXCL5 and CXCL7, which are abundantly released upon tumor cell-induced platelet activation, are crucial mediators of granulocyte recruitment in vitro. Given that CXCL7 is one of the most abundant platelet chemokines and that its expression is mostly restricted to platelets (30, 31) , platelets may therefore possess a particular ability to potently attract granulocytes to the early metastatic niche.
Blocking Platelet-to-Granulocyte Signaling Prevents the Formation of the Early Metastatic Niche and Impairs Subsequent Metastasis. Because both CXCL5 and CXCL7 are ligands for the granulocyte receptor CXCR2, which mediates ELR + CXC chemokinedependent granulocyte recruitment to sites of inflammation (32), we further tested whether inhibition of the CXCL5/7-CXCR2 signaling axis would prevent the formation of the early metastatic niche and therefore block metastasis. Pretreating leukocytes with an anti-CXCR2 blocking antibody inhibited their migration toward platelet plus MC38GFP cells in vitro (Fig. 5A) . Furthermore, the recruitment of granulocytes to platelet-tumor cell aggregates was inhibited in mice treated with a single dose of anti-CXCR2 blocking antibody 1 h before the injection of tumor cells (Fig. 5 B and C) , demonstrating the involvement of CXCR2 signaling in the assembly of the early metastatic niche. The anti-CXCR2 blocking antibody treatment also led to a significant reduction in the number of tumor cells seeded in the lungs after 2 d and in the number of metastases observed after 14 d (Fig. 5 D  and E) , further demonstrating the importance of granulocyte recruitment for metastasis. Taken together, these results indicate a fundamental role of platelet-granulocyte interactions and of the CXCL5/7-CXCR2 axis in the formation of the early metastatic niche and in supporting efficient metastasis (Fig. 6 ).
Discussion
Here, we define an "early metastatic niche" that forms within 2 h of tumor cell initial arrest in the lung vasculature and that is characterized by the gradual and directed recruitment of granulocytes specifically to platelet-tumor cell aggregates (Fig. 1) . No significant recruitment of monocytes, dendritic cells, NK cells, or lymphocytes to this early niche was observed, indicating that interactions between tumor cells, platelets and granulocytes dominate this intravascular stage of the metastatic cascade. The early metastatic niche is thus distinct from the prometastatic monocyte/macrophage-tumor cell interactions, which are typically observed between 8 and 48 h after tumor cell entry into the circulation, and which therefore likely characterize subsequent steps of the metastatic cascade (4, 6, 33) . Importantly, the recruitment of granulocytes to the early metastatic niche is strictly dependent on platelet activation and is blocked if platelets fail to aggregate around tumor cells either due to defective platelet function, to reduced numbers of circulating platelets, or to the intrinsic properties of tumor cells (Fig. 2) . These data imply that (i) tumor cell-derived signals are unable to independently trigger the recruitment of granulocytes and that (ii) platelets are positioned upstream of granulocytes in the hierarchy of host cell interactions leading to the formation of the early metastatic niche. Indeed, our results indicate that granulocytes are actively recruited by platelet-derived CXCL5/7 chemokine signaling via the granulocyte receptor CXCR2. Therefore, the key signaling factors governing the recruitment of granulocytes to the early metastatic niche are primarily platelet derived rather than tumor cell derived. In breast cancer models, CXCL1 and CXCL2 produced by tumor cells during chemotherapy have been shown to recruit granulocytes to primary tumors (34) . These two chemokines share the CXCR2 receptor with the CXCL5/7 ligands studied here. Collectively, these data and our findings thus suggest that distinct sets of CXCR2 ligands control the recruitment of granulocytes at different stages of tumor progression and of the metastatic cascade.
Despite the transient nature of the early metastatic niche (Fig. 1 ), its assembly is crucial for efficient metastatic progression. Both platelets and recruited granulocytes enhance metastatic seeding, as illustrated by the reduced number of cells retained in the lungs upon transient depletion of either platelets or granulocytes, or upon inhibition of granulocyte recruitment by anti-CXCR2 treatment (Figs. 3 and 5) . However, platelet depletion results in a more potent inhibition of metastasis than granulocyte depletion alone, indicating that, in accordance with the multiple contributions of platelets to the early steps of the metastatic cascade (3, 16) , their prometastatic role is not restricted to recruiting granulocytes. Granulocyte recruitment is nonetheless an important aspect of the prometastatic function of platelets and may therefore be a crucial component of the niche allowing for efficient progression to the next phases of the metastatic cascade. For example, granulocytes have been shown to promote transendothelial migration of tumor cells in vitro and tumor cell retention in the lungs at 24 h after tumor cell injection (11) . Furthermore, the addition of granulocytes to platelets and tumor cells results in endothelial activation in vitro (6) . In turn, the activated endothelium favors monocyte recruitment and adhesion in the vicinity of tumor cells (6, 35) . On this basis, our data raise the possibility that the recruitment of monocytes observed in response to thrombus formation around tumor cells might not only directly depend on coagulation but also involve granulocytes (33) . In this respect, it would be interesting to define the impact of prolonged or late-onset granulocyte depletion on host-tumor cell interactions and on metastasis.
Our findings suggest that specific inhibition of platelet-derived signals or platelet-granulocyte interactions might limit metastatic progression by preventing the formation of the early metastatic niche and be a valuable therapeutic alternative to cancer cellcentered antimetastatic approaches. The rationale for targeting the platelet-granulocyte interactions described in this study is supported by a number of recent clinical studies showing that high levels of serum CXCL5 (36) and elevated numbers of circulating Table S1 for a complete list of chemokines and cytokines assayed and their staining intensities. (E) Protein expression levels for the five most abundant secreted factors determined in D. Bars represent the mean ± SEM. **P < 0.01 and ***P < 0.001 were determined by one-way ANOVA followed by Tukey's post test. (F) Numbers of CD11b + Ly6G + cells that migrated toward the indicated chemoattractants after 2 h. Bars represent the mean ± SEM (n = 3).
*P < 0.05 and **P < 0.01 were determined by one-way ANOVA followed by Tukey's post test.
granulocytes (37) (38) (39) (40) (41) (42) are independent predictors of disease progression and adverse prognosis in cancer patients. Furthermore, our data suggest that these clinical observations might be mechanistically related to the well-known association of elevated platelet counts and platelet activation with poor prognosis (43) (44) (45) (46) (47) (48) (49) (50) . Our study also indicates that pharmacological antagonists of CXCR2 may prevent the establishment of metastases by impairing signaling from platelet-derived CXCL5/7 and the formation of the early metastatic niche. However, given the involvement of CXCR2 and its ligands in granulocyte recruitment during antimicrobial host defense, anti-CXCR2 therapies may not be appropriate for individuals who are susceptible to infections (32) . Nevertheless, CXCR2 inhibitors are currently being evaluated in the clinic for the treatment of inflammatory diseases and seem well tolerated by most patients (32, 51) . In the context of cancer, CXCR2 inhibitors have been proposed to reduce the recruitment of granulocytes, angiogenesis, and tumor cell survival and invasion at the primary tumor site (32, 34, 52, 53) . Taken together, these studies and our findings suggest that anti-CXCR2 therapies might be effective against both primary tumors as well as metastatic seeding by simultaneously targeting signaling from multiple CXCR2 ligands involved in cancer progression.
In conclusion, we highlight a hierarchical network of host cell interactions, which is necessary for the formation of the early metastatic niche and for efficient subsequent metastasis. Our results position platelets at the core of this hierarchical network and identify the CXCL5/7-CXCR2 signaling axis as a potential target for antimetastatic therapies. Bars represent the mean ± SEM (n = 3). **P < 0.01 and ***P < 0.001 were determined by one-way ANOVA followed by Tukey's post test. Bars represent the mean ± SEM (n = 8 mice). **P < 0.01 was determined by unpaired two-sided t test.
Immunofluorescence Staining and Image Analysis. Lungs were fixed by tracheal perfusion with PBS with 4% (vol/vol) formaldehyde and 0.3% Triton X-100 for 15 min and removed en bloc. Lung lobes were then cut into small pieces, washed in PBS with 0.3% Triton X-100, and blocked in PBS with 10% (vol/vol) normal rabbit serum and 0.3% Triton X-100. Platelet Preparation. Mouse blood was collected by cardiac puncture, and washed platelets were prepared as described previously (20, 58, 59) . Where indicated, platelets (5 × 10 8 per mL) were activated with thrombin (5 U/mL) for 15 min at 37°C. Activated platelets were then directly used in the assays. Alternatively, the supernatant (releasate) was separated by centrifugation at 2,800 × g for 7 min. Supernatants from resting platelets (5 × 10 8 /mL), MC38GFP (5 × 10 5 /mL), and resting platelets plus MC38GFP were also generated by incubating cells for 15 min at 37°C and subsequently centrifuging at 2,800 × g for 7 min.
Leukocyte Chemotaxis Assay. Mouse blood was collected by cardiac puncture and red blood cells were lysed for 5 min in RBC Lysis buffer (155 mM NH 4 Cl, 12 mM NaHCO 3 , 0.1 mM EDTA). Leukocytes were then washed in FACS buffer, blocked with CD16/32 antibody (BioLegend), and stained with fluorophoreconjugated primary antibodies (anti-mouse CD45, CD11b, Ly6C, and Ly6G). Different combinations of MC38GFP cells and platelet fractions were added into the lower chamber of a ChemoTx chemotaxis system (Transwell filter with 5-μm pore size; Neuroprobe) as chemoattractants. Blocking antibodies were used at 150 μg/mL when used individually. For antibody combinations, 75 μg/mL of each antibody was used to keep the total concentration of antibodies constant across all conditions. Stained leukocytes were plated in the upper chamber. Both the upper and lower chambers contained RPMI. After 2 h, the content of the lower chamber was collected and mixed with propidium iodide (for cell viability) and Bright Count absolute counting beads (Invitrogen). Samples were then analyzed by FACS to determine the number of migrated CD45 Cytokine Array. Purified platelets were incubated with MC38GFP cells or thrombin for 15 min at 37°C. The samples were then centrifuged at 2,800 × g for 7 min to pellet platelets and tumor cells. The supernatant was centrifuged for a second time and equal volumes of each sample were loaded on RayBio G-Series Mouse Cytokine Antibody Arrays 1000, which allow the simultaneous detection of 96 mouse cytokines and chemokines. The glass arrays were processed according to manufacturer's instructions, and the fluorescence signal was analyzed using an Axon GenePix Scanner.
Statistics. Statistics were performed with the GraphPad Prism Software. Unpaired two-sided t test was used to compare means of two independent groups to each other, whereas one-way ANOVA followed by Tukey's post test was used to compare the means of more than two independent groups. Fig. 6 . Platelet-derived CXCL5 and CXCL7 chemokines guide the formation of the early metastatic niche. Platelet-tumor cell aggregates form very rapidly and localize to the site of initial arrest within 1 min of tumor cell entry into the circulation. Upon contact with tumor cells, platelets are activated and release CXCL5 and CXCL7 chemokines, which both signal via the CXCR2 receptor to recruit granulocytes to platelet-tumor cell aggregates, forming an early metastatic niche within the next hours. Preventing hosttumor cell interactions by interfering with platelet function or granulocyte recruitment impairs tumor cell seeding and metastasis, demonstrating the crucial supportive role of the early metastatic niche for subsequent metastatic progression.
